1. INTRODUCTION {#sec1}
===============

Development of bright and stable phosphors is increasingly required in many fields. The II-VI semiconductor nanocrystals (NCs) such as ZnSe and CdTe attract much interest as novel bright phosphors with tunable photoluminescence (PL) wavelength \[[@B1]\] for possible uses including biological labeling \[[@B2]--[@B6]\], display, and lighting devices \[[@B7]--[@B9]\]. For biological labeling, fluorophores are bound to biological molecules as fluorescent markers. It is possible to monitor the position and movement of virus and various materials by the PL of fluorophores. So far, organic fluorescent dyes were widely used for such biomarkers \[[@B2], [@B10]\]. However, the emission wavelengths of these dyes are normally close to the excitation wavelengths, and therefore different excitation wavelengths are required for getting multiple colors. Moreover, deterioration and PL quenching of organic dyes occur in a short time of irradiation. For displays and lightings, currently commercialized phosphors are mostly rare earth ion-doped and transition metal ion-doped oxides \[[@B11]\]. These phosphors are highly stable; however, it is not easy to control the emission wavelength. In addition, they show a long decay time of PL (ca. 1 millisecond) because of a forbidden character of the transition. This slow decay causes the saturation of PL intensity when the excitation light intensity is increased.

The techniques to prepare highly luminescent and monodispersed semiconductor NCs have much advanced in this decade. They are organic solution method \[[@B12]\] and aqueous solution method \[[@B13]\]. Bright PL is obtained by capping the NCs with surfactants which deactivate the unpreferably PL-quenching surface defects. Aqueous solution method has several advantages over organic solution method: (1) highly luminescent NCs can be synthesized at lower temperature (*\~*100°C) using a relatively safe and simple system; and that (2) the prepared water-dispersible NCs have higher stability of PL intensity in water and better compatibility with sol-gel fabrication.

We have reported the preparation of highly luminescent CdTe NCs \[[@B14]\] and ZnSe-based NCs \[[@B15]--[@B17]\] by the aqueous solution method. The PL wavelengths of these NCs depend on the band gap (Eg\*) which can be controlled by the composition and size of the NCs. The PL wavelength and efficiency of the NCs are almost independent of the excitation wavelength. The emission wavelength can be far from the excitation wavelength. Therefore, various PL colors are obtainable from various NCs using a single excitation wavelength. Compared with organic dyes, semiconductor NCs show much slower PL quenching or photobleaching on irradiation \[[@B2], [@B10]\]. Furthermore, the II-VI semiconductor NCs have a direct transition band gap and fast PL decay in ca. 10 nanoseconds that is faster than those of rare earth ions and transition metal ions by ca. 5 orders of magnitude. This fast decay of PL leads to high brightness when the excitation light intensity is increased.

Recently, increasing attention has been directed to the semiconductor NCs incorporated in transparent matrices. The incorporation in silica matrices avoids the agglomeration of NCs and improves the long-term stability of PL. Previously, Mulvaney et al. reported the incorporation of NCs in SiO~2~ \[[@B18]\] and ZrO~2~-SiO~2~ \[[@B19]\] matrices by a sol-gel method. They used hydrophobic NCs (CdSe, CdSe/ZnS, and CdSe/CdS) prepared by organic solution method. However, water-dispersible NCs are more compatible with sol-gel method than such hydrophobic NCs. We have developed techniques to incorporate water-dispersible CdTe and ZnSe NCs in three forms of silica matrices (bulk \[[@B16], [@B20], [@B21]\], small particles \[[@B22], [@B23]\], and thin films \[[@B24]\]) and in bulk-form Si~-x~ Zr~x~O~2~ matrix \[[@B25]\], by using a sol-gel method. The prepared NC-incorporating phosphors showed bright PL of three primary colors. Among the three forms, small particles are expected to be used as fluorescent markers for biological labeling. Semiconductor NCs have already been reported to be applicable as fluorescent biomarkers \[[@B2]--[@B6]\]. There are several advantages in the incorporation of semiconductor NCs in small silica particles, such as protecting the NCs against oxidation and agglomeration, increasing the mechanical stability, and enabling a transfer into various organic and aqueous solvents. Furthermore, the surface of silica particles can be chemically modified to link bioconjugates.

Previously, several groups reported the preparation and PL efficiencies of silica particles incorporating emitting NCs, by chemical growth of silica shell around an NC (PL efficiency up to 18%) \[[@B26]\]; by sol-gel formation of NC-containing layer around a silica particle without containing NCs (PL efficiency up to 13%) \[[@B27]\]; and by reverse micelle method (PL efficiency up to 20%) \[[@B22], [@B23], [@B28]--[@B30]\]. The reverse micelle method is simpler than the chemical synthetic growth method and has wide controllability of NC concentration in the silica particles. When the NC concentration in a silica particle is high, both the increased emission brightness and decreased blinking of the silica particle can be expected. We have already reported green- and red-emitting silica particles incorporating CdTe NCs which were fabricated by the reverse micelle method \[[@B22], [@B23]\]. The PL efficiencies reached 27% and 65%, respectively, for green- and red-emitting silica particles. This PL efficiency (65%) is the highest ever reported efficiency for the silica particles incorporating semiconductor NCs. In order to obtain PL of three primary colors for expanding the application range, blue-emitting silica particles are required. However, bright blue-emitting silica particles have not yet been reported to our knowledge. Zinc selenide NCs attract increasing interest because they can be synthesized in organic or aqueous solution and have tunable PL wavelength in blue region \[[@B15], [@B31]--[@B33]\]. Recently, we synthesized highly luminescent ZnSe-based NCs in blue region by an aqueous solution method \[[@B16], [@B17]\]. The emission color of ZnSe NCs was shifted from blue-violet (*\~*410 nm) to pure blue (*\~*440--485 nm) by doping heavy elements such as Cd or Te, because, generally, the Eg\* of II-VI semiconductor NCs becomes narrower when the constituent elements become heavier. Here we report the preparation of silica particle phosphor incorporating ZnSe-based NCs thus prepared by a reverse micelle method.

2. MATERIALS ANDMETHODS {#sec2}
=======================

2.1. Chemicals {#subsec2.1}
--------------

All chemicals used were of analytical grade or of the highest purity available. Zinc perchlorate, cadmium perchlorate, and thioglycolic acid (TGA) were purchased from Sigma-Aldrich (Miss, USA). Al~2~Se~3~ lumps aquired from CERAC (Wiss, USA) were used to produce hydrogen selenide (H~2~Se) gas. Ammonia water and NaOH solution were purchased from Wako (Osaka, Japan). Deionized water (18.3 MΩ) was obtained from a Milli-Q water system (Millipore (Mass, USA)).

2.2. Preparation of ZnSe-based NCs {#subsec2.2}
----------------------------------

We have prepared core-shell ZnSe-based NCs by the previously reported aqueous solution method \[[@B15]--[@B17]\]. Briefly, the colloidal solutions of ZnSe-based NCs (core) were prepared using zinc perchlorate, cadmium perchlorate, and H~2~Se gas. TGA was used as the stabilizing surfactant that caps the NCs. The obtained weakly emitting Cd-doped ZnSe NCs (Zn : Cd = 95 : 5 (molar ratio upon synthesis)) was first dispersed in a solution containing cadmium perchlorate and TGA in the dark, and then irradiated with ultraviolet (UV) light (365 nm) in an aqueous solution containing zinc perchlorate and TGA \[[@B17]\]. The ZnS shell was formed on the Cd-doped ZnSe core by the irradiation. Formation of this shell is effective for decreasing the number of surface defects and for increasing the robustness of NCs. As a result, strongly blue-emitting Cd-doped ZnSe/ZnS NCs with a diameter of ca. 4-5 nm were prepared. The PL peak wavelength was 448 nm and PL efficiency was 49% in aqueous solution.

2.3. Preparation of silica particles incorporating ZnSe-based NCs by reverse micelle method {#subsec2.3}
-------------------------------------------------------------------------------------------

Silica particles incorporating ZnSe-based NCs were prepared by the procedure depicted in [Scheme 1](#fig1){ref-type="fig"}. Instead of using Solution 1 (diluted aqueous ammonia (6.25%)) described in a previous report for preparing silica particles incorporating CdTe NCs \[[@B23]\], we used Solution 2 (Zn perchlorate, TGA, and NaOH solution (\[Zn^2+^\] = 0.261 mol/L, molar ratio of \[Zn^2+^\] : \[TGA\] = 1 : 2.43, pH\~11)) for nucleation of silica component to the surface of the particles in [Step 1-1](#Step1.1){ref-type="statement"} and [Step 3](#Step3){ref-type="statement"}. As described below, the Solution 2 was quite effective to retain the emission efficiency of the NCs.

Aqueous solution of the NCs was mixed with alkaline solution of partially hydrolyzed tetraethyl orthosilicate (TEOS). Typically, 1 mL Cd-doped ZnSe/ZnS colloidal solution (\~3 × 10^−5^ mol particles/L), 1 mL water, 50 *μ*L alkaline solution (Solution 1 or 2), and 0.15 mL TEOS were mixed in a beaker. The pH of the mixed solution was 9-10. Then the solution was stirred for 2-3 hours to form thin silica layer on the surface of NCs \[[@B23]\].

Nonionic surfactant Igepal CO-520 (polyoxyethylene(5)nonylphenyl ether) was dissolved in hydrophobic cyclohexane. Typically, 2.25 g Igepal CO-520 was dissolved in 12.5 g cyclohexane in a beaker.

The aqueous solution prepared in [Step 1-1](#Step1.1){ref-type="statement"} was injected dropwise to the cyclohexane solution prepared in [Step 1-2](#Step1.2){ref-type="statement"}. In this step, reverse micelles containing water droplets dispersing Cd-doped ZnSe/ZnS NCs were formed.

To grow outermost silica shell further, TEOS (typically 0.3 mL) and alkaline aqueous solution (typically 100 *μ*L) were added to the solution prepared in [Step 2](#Step2){ref-type="statement"}. Then the solution was stirred for 4 hours.

As a result, silica particles incorporating Cd-doped ZnSe/ZnS NCs were obtained. These silica particles showed blue PL when irradiated with UV light. Transparent cyclohexane solution of silica particles incorporating NCs was obtained as supernatant by centrifuge of the solution at 4000 rpm.

For comparison, nonluminescent silica particles without containing NCs were prepared using Solution 1 in the similar manner. In [Step 1-1](#Step1.1){ref-type="statement"}, 1 mL diluted NaOH solution (pH*\~*11) was used instead of 1 mL Cd-doped ZnSe/ZnS colloidal solution.

Size distribution of the obtained silica particles was measured by using a dynamic light scattering particle size analyzer (Nikkiso Microtrac Nanotrac 150). Transmission electron microscopy (TEM) of the silica particles was performed at an acceleration voltage of 300 kV by using a Hitachi H-9000. For preparing a TEM specimen, the silica particles were extracted from the supernatant by precipitation with acetonitrile followed by drying in air at *\~*40°C. The PL and absorption spectra of the silica particles were measured in cyclohexane by using conventional fluorescence spectrometer (Hitachi F-4500) and absorption spectrometer (Hitachi U-4000). The PL efficiencies of the solution samples (silica particles in cyclohexane and NCs in water) were estimated by comparison with standard solutions of quinine in aqueous 0.05 M H~2~SO~4~ solution (PL efficiency = 54.6% \[[@B34]\]).

3. RESULTS AND DISCUSSION {#sec3}
=========================

3.1. Appearance of silica particles incorporating ZnSe-based NCs {#subsec3.1}
----------------------------------------------------------------

After centrifuge in the final step of preparation, the supernatant contained small silica particles and precipitate contained larger silica particles. Both supernatant and precipitate showed bright blue PL. The small silica particles were homogeneously dispersed in the supernatant (cyclohexane solution) at room temperature. The supernatant obtained by using Solution 2 showed brighter PL than that obtained by using Solution 1. Figures [1(a)](#fig1){ref-type="fig"} and [1(b)](#fig1){ref-type="fig"} show the appearance of the silica particles incorporating ZnSe-based NCs prepared using Solution 2 under visible light and under UV light, respectively. The cyclohexane solution was almost colorless and transparent under visible light (see [Figure 1(a)](#fig2){ref-type="fig"}) and emitted bright blue PL under UV light irradiation (see [Figure 1(b)](#fig2){ref-type="fig"}). On the other hand, the powder of small silica particles extracted from the above supernatant by using acetonitrile was white under visible light (see [Figure 1(c)](#fig2){ref-type="fig"}) and emitted blue PL under UV light (see [Figure 1(d)](#fig2){ref-type="fig"}).

3.2. Sizes of silica particles incorporating ZnSe-based NCs {#subsec3.2}
-----------------------------------------------------------

[Figure 2](#fig3){ref-type="fig"} shows the size (diameter) distribution of the small silica particles incorporating ZnSe-based NCs in the supernatant, measured by the dynamic light scattering method. The silica particles prepared using Solution 1 and those prepared using Solution 2 gave similar distribution curve of particle size, however, the latter particle size was a little smaller than the former one. Namely, the mean sizes of the silica particles prepared using Solution 1 and that using Solution 2 were ca. 35 and 31 nm, respectively. These two kinds of silica particles had a spherical shape. Nonluminescent silica particles without containing NCs had similar size. A typical TEM photograph of the small silica particles incorporating ZnSe-based NCs in the supernatant is shown in [Figure 3](#fig4){ref-type="fig"}. The shape of these small silica particles is spherical and the particle diameters are 20--40 nm, which are in good agreement with those measured by the dynamic light scattering method (see [Figure 2](#fig3){ref-type="fig"}). On the other hand, the precipitate after centrifuge in the final step of preparation contained larger silica particles with diameters from a few hundreds nm to 1-2 *μ*m. Such large silica particles also had a spherical shape. The results show that luminescent silica particles with various diameters were formed in the preparation process, and the size selection of silica particles was possible by centrifuge. It was also possible to select the size of silica particles by using syringe filters.

3.3. PL spectra, absorption spectra, and PL efficiencies of silica particles incorporating ZnSe-based NCs {#subsec3.3}
---------------------------------------------------------------------------------------------------------

Figures [4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} depict the PL spectra and absorption spectra of the small silica particles incorporating ZnSe-based NCs in the supernatant, respectively. The NC-incorporating silica particles prepared using Solution 2 showed an excitonic absorption of the NCs \[[@B16], [@B17]\] around 420--440 nm. This absorption band was less clearly observed in the NC-incorporating silica particles using Solution 1 and was not seen in the silica particles without incorporating NCs. This suggests that the deterioration of the NCs during incorporation in the silica particles was suppressed by using Solution 2. The PL peak of the NC-incorporating silica particles appeared in the absorption edge region. When the absorbance of the supernatant at the excitation wavelength (350 nm) was adjusted to the same value, the PL intensity of the silica particles prepared using Solution 2 was 2.3 times larger than that of the silica particles prepared using Solution 1 (see [Figure 4](#fig5){ref-type="fig"}). As shown in [Figure 4](#fig5){ref-type="fig"}, these two PL spectra and that of the initial colloidal solution of NCs had almost the same shape. The widths of the PL spectra were also very close ([Table 1](#tab1){ref-type="table"}). Compared with the initial colloidal solution of NCs, the silica particles showed small blue shift (1--5 nm) of the PL peak wavelength ([Table 1](#tab1){ref-type="table"}). However, the blue shift in the silica particles prepared using Solution 2 was significantly smaller than that in the silica particles prepared using Solution 1. From the PL and absorption spectra, the PL efficiencies of the blue-emitting small silica particles using Solutions 1 and 2 were estimated to be 7 and 16%, respectively ([Table 1](#tab1){ref-type="table"}). As exemplified by the preparation of silica phosphor dispersing CdTe NCs \[[@B20]\], the Zn^2+^ ions and TGA in Solution 2 prevent the surface of NCs from the deterioration during incorporation into silica particles. This leads to the almost unchanged PL wavelength and high PL efficiency. By contrast, when using the conventional aqueous ammonia (Solution 1), the observed larger blue shift of PL wavelength and lower PL efficiency were derived by deterioration of the NCs such as partial dissolution of the surface part into the surrounding media during incorporation into silica particles.

4. CONCLUSION {#sec4}
=============

We have prepared bright blue-emitting silica particles incorporating core-shell Cd-doped ZnSe/ZnS NCs by a reverse micelle method. When using an alkaline solution containing zinc perchlorate and TGA during silica formation on the surface of NCs, the PL efficiency of the silica particles after preparation reached 16%, which was 2.3 times larger than the PL efficiency of the silica particles prepared by using conventional aqueous ammonia. This is because the TGA-capped ZnS shell of the NCs is retained by the presence of zinc ions and TGA molecules during incorporation in silica particles. As we have already reported the preparation of green- and red-emitting silica particles, three primary emission colors are now obtainable from silica particles incorporating semiconductor NCs. These emitting silica particles are expected to be applicable as fluorescent biomarkers.
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![Preparation procedure of silica particles incorporating ZnSe-based NCs.](JBB2007-52971.sch001){#fig1}

![Appearance of silica particles incorporating ZnSe-based NCs prepared using Solution 2: (a) cyclohexane solution under visible light, (b) cyclohexane solution under UV light (wavelength: 365 nm), (c) powder under visible light, and (d) powder under UV light (wavelength: 365 nm).](JBB2007-52971.001){#fig2}

![Size distribution of silica particles incorporating ZnSe-based NCs measured by dynamic light scattering method: (a) silica particles prepared using Solution 1 and (b) silica particles prepared using Solution 2.](JBB2007-52971.002){#fig3}

![TEM photograph of silica particles incorporating ZnSe-based NCs prepared using Solution 1.](JBB2007-52971.003){#fig4}

![PL spectra of silica particles incorporating ZnSe-based NCs in solution: (a) silica particles prepared using Solution 1, (b) silica particles prepared using Solution 2. Excitation wavelength = 350 nm.](JBB2007-52971.004){#fig5}

![Absorption spectra of silica particles with and without ZnSe-based NCs in solution: (a) NC-incorporating silica particles prepared using Solution 1, (b) NC-incorporating silica particles prepared using Solution 2, and (c) silica particles without incorporating the NCs prepared using Solution 1.](JBB2007-52971.005){#fig6}

###### 

PL peak wavelength *(*, spectral width (FWHM), and PL efficiency *(* of silica particles incorporating the NCs together with the initial colloidal NCs.

  No.                            \(i\)              \(ii\)             \(iii\)
  ------------------------------ ------------------ ------------------ -------------
  Sample                         Silica particles   Silica particles   Initial NCs
  Solution for Steps 1-1 and 3   Solution 1         Solution 2         ---
  *λ*/nm                         442.8              446.8              448.0
  FWH^a^/nm                      35.2               35.6               35.0
  *η* (%)                        7                  16                 49

^a^Full width at half maximum.

[^1]: Recommended by Marek Osinski
